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Introduction
We have reported that a major product in the radiolysis of helium degassed solutions of glucose is 2-deoxy-D-gluconic acid1-2. Independently, the identification and isolation of this acid was described by others 3~5. It has also been shown that D-gluconic acid6-7 and "deoxycompounds" 8 are present in gamma-irradiated glucose. Recently, D i z d a r o g l u et a l. 5 presented a detailed report on the radiation chemistry of glucose and showed that various ketoglucoses, deoxy-ketoglucoses and chain scission products are formed upon gamma irradiation of deoxygenated, N2O saturated aqueous solution of 0.01 M glucose. In our ongoing programm to identify the compounds produced in irradiated sugar solu tions responsible for cytotoxic activity9 we in vestigated the sugar acids present in helium degas sed, and N2O saturated irradiated 0.055 M aqueous solutions of glucose. We report in this communica tion on the separation, identification and quanti tative determination of these acids.
Experimental
Samples of 2-deoxy-D-gluconic acid and 14C-2-deoxy-D-gluconic acid were prepared10. D-Gluconic acid and D-gluconolactone were purchased from Sigma and 14C-D-gluconic acid from the New Eng land Nuclear Corporation. All acids were converted to the barium salts (dihydrates) and used in this form throughout this work. The 2-deoxy-Dgluconolacetone was prepared by passing a solution of the Ba-salt of 2-deoxy-D-gluconic acid through the H+ form of Dowex 50W-X4. The D-glucose used was analytical reagent grade.
The aqueous glucose solution (1% by weight = 0.055 M) were degassed (45 minutes) with oxygen free helium of N2O before irradiation at 25 °C with a 60Co-gamma source, dose rate = 4.0 Krads/min. The irradiated solutions were stored at 4 °C and analyzed within 24 hours.
a ) Isolation of acids from irradiated glucose
A 100 ml irradiated sample was adjusted to pH 9.0 with 5 ml 0.2 M Tris buffer, pH 9.0, and 0.1 N NaOH. After 3 hours of standing at room tem perature, the saponification of the lactones was complete as shown by gaschromatography (gc). The saponified solution was passed through a column (4 cm in diameter, packed with Dowex 1 x2, 200 mesh, to a height of 14 cm, conditioned with 20 ml 0.2 M Tris buffer pH 9.0, followed by 200 ml H2O). Following passage of the irradiated glucose solution, the column was rinsed with 200 ml H20, and then eluted with 30 ml 0.1 N HC1. The first 5 ml of effluent was discarded. From the remaining 25 ml of HC1 effluent a 5 ml aliquot was adjusted to pH 9.0 with NaOH plus 0.1 ml 0.2 M sodium carbonate buffer, pH 9.0. After 3 hours of standing at room temperature, the solution was freeze dried.
b) D erivatization and gas chromatographic separations
Preparation of the trimethylsilyl (TMS) deriva tives for gc separation were carried out as follows11: 1 ml pyridine, 0.4 ml hexamethyldisilazane and 0.2 ml trimethylchlorosilane was added to freeze dried samples. The suspension was mixed (5 minutes) in an ultrasonic water bath and kept for 12 hours at room temperature to complete the formation of the TMS derivatives. Then 2-3 /ul of the clear solution were injected into the gas chromatograph (PerkinElmer 900, 10 ft. glass column, 2 mmm I.D., 3% SE-30 on Supelcoport 80/100 mesh, flame ionization detector, 280°). The temperature programming was 2°/min, initial temperature 80 °C, final temperature 180 °C. The injection temperature was 250 °C. Moisture-free He was used as the carrier gas.
c) Calibration and assay procedures for the sugar acids
The radiation yields of D-gluconic and 2-deoxy-D-gluconic acids were determined by two different methods, both of which corrected for possible variations in the recoveries in the anion exchange separations.
Procedure A : For assaying 2-deoxy-D-gluconic acid 14C-labelled 2-deoxy-D-gluconic acid was added to 100 ml irradiated glucose solution which was then adjusted to pH 9.0 and chromatographed on Dowex 1X2 as described under a, except that 30ml 1% acetic acid was used to elute the acid. The recovery was estimated by measuring the 14C-levels before and after the Dowex 1X2 separation. A 5 ml aliquot of the acetic acid effluent was spiked with 1 mg D-arabitol as internal standard, adjusted to pH 9.0, freeze dried and analyzed as described under b. Based on the ratios of the peak areas of 2-deoxy-D-gluconic acid to the internal standard and the recovery during the anion exchange separa tion the amount of 2-deoxy-D-gluconic acid present in the irradiated glucose solution was calculated. D-Gluconic acid was analyzed by procedure A in the identical manner as 2-deoxy-D-gluconic acid, except that 14C-D-gluconic acid was used to measure the recovery during anion exchange separation.
Procedure B : Samples of 100 ml irradiated glucose solution were analyzed as described under a and b. 1 mg D-mannitol was added as internal standard to a 5 ml aliquot of the 0.1 N HC1 effluent. The ratios of the peak areas of 2-deoxy-D-gluconic and Dgluconic acids to the internal standard were estimated and the amount of the two acids was determined by calibration curves prepared by analyzing 100 ml solutions containing known amounts of 2-deoxy-D-gluconic and D-gluconic acids in the identical manner as the irradiated glucose solutions. FID detector response factors are given in Table I .
Procedure B was also used to estimate the other sugar acids. Their amounts were calculated from the ratios of the peak areas to D-mannitol. The conversions were based on the fact that equal amounts (weight) of TMS derivatives of poly- hydroxy compounds gave about the same FID detector response (Table I) . Thus a conversion factor of 1.00 was used to calculate the amount (mg) of the various TMS derivatives in the injected sample. With these values and the known molecular weights of the TMS derivatives the yield of the acids in ^mole/1 irradiated glucose were calculated.
d ) Gaschromatographic-mass spectrometric investigations ( g c-m s)
gc-ms Studies were performed on a LKB 9000 gas chromatograph-masspectrometer, 10ft. glass column (I.D. 2mm), 3% SE-30 on Supelcoport 80/100, temperature programm 120-200 °C,3 °C per minute, molecule seperator 290 °C, temperature of ion source 240 °C, ionization energy 70 eV. The spectra were recorded by a computer system and are back ground corrected. The peaks I-IX (see Fig. 1 
Results and Discussion

Separation and identification of sugar acids
The acids formed upon gamma irradiation of aqueous solutions of glucose are rapidly separated from unchanged glucose and neutral radiolytic products by passing an alkaline solution through the anion exchange column followed by elution with dilute hydrochloric acid. Subsequent gc-analysis of the HC1 effluent (after treatment with alkali, freeze drying and 0-trimethylsilylation) shows that many acids are produced on gamma irradiation of glucose (Fig. 1) . Non irradiated glucose solutions were also treated and analyzed in the same manner as irradiated samples. In all instances, none of the acids which were produced upon irradiation were found in the corresponding non irradiated samples. Based on the mass spectra of the TMS-derivatives recorded by the gc-ms technique numerous acids were identified (see legend, Fig. 1 ) using reference spectra of authentic material (D.L-glyceric, 2-deoxv-D-gluconic and D-gluconic acid) as well as spectra available in the literature12'13. 5-Deoxygluconic acid is present only in small quantities and its peak in the gc was partly overlapped by the intense signal of the 2-deoxygluconic acid. Its presence, however, could easely be detected on the basis of the scanned mass spectra (scanning time 8 seconds), which clearly showed that this acid is eluted immediately after 2-deoxygluconic acid. For the compounds V and VI we have not, as 37 et, obtained a precise formula. The mass spectra suggest that these compounds are deoxy-keto-gluconic acids. In aqueous solutions poly hydroxy acids like 2-deoxy-D-gluconic acid or gluconic acid form a pH-dependent acid-lactone equilibrium with the acid anion beeing the predominant form in alkaline solution and the lactone in acidic (pH <2.0) solution17. The data of Table II indicate that at the pH of the irradiated glucose solution (pH 3.5) 2-deoxy-Dgluconic acid exists to an extent of 62% as the free acid and 38% as lactone. The separation, identifica tion and quantitative estimation of the various sugar acids was carried out only after complete Table II saponification at pH 9.0 of the lactones present in the irradiated glucose solutions. The practically complete conversion of the lactones to the free acids required 3 hours at pH 9.0 (Table II) . Consequently the yields and G-values reported in the following section (Table III , IV, Fig. 2) give the sum of the free acids plus the corresponding lactones present in the irradiated glucose solution. 
Yields and in itia l G-values
For helium degased glucose solutions the yields of both 2-deoxygluconic and gluconic acid were determined for doses varying from 50 to 800 Krad with two independent methods (Fig. 2) . It was found that the yield of 2-deoxygluconic acid increases linearly with radiation dose up to approxi mately 500 Krads and that of gluconic acid up to 200 Krads giving initial G-values of G(2-deoxygluconic acid) = 0.62 and G(gluconic acid) = 0.20. The approximate yields for the other sugar acids in the dose range from 100 to 500 Krads were found to be linear up to 500 Krads. The initial G-values are tabulated in Table III . The yields of the sugar acids were determined also in N20 saturated solu tions at 480 Krads (Table IV) . We found that the amounts of sugar acids formed in N2O were 1.1 to 2.2 times greater than that in helium degassed solution, indicating that the increased yield of OH radicals in N2O produces a higher concentration of sugar acids. In N20 degased 0. Table III it becomes apparent that in helium degased solution the total G-value for the sugar acids is G (sugar acids) = 1.2. This value would be increased only slightly if the remaining small peaks present in the gc of Fig. 1 are included . Tn the total G-value, 90% consists of 6 carbon sugar acids and only 10% (G = 0.12) consists of sugar acids with 5 or less carbon atoms, demonstrating that chain scission reactions producing compounds with less carbon atoms than the parent sugar constitute only a minor pathway. A similar observation regarding the minor yields of various chain scission compounds has also been demonstrated by others5-7*14-16 for irradiated solutions of 2-deoxyribose, cellobiose and glucose. We have previously determined the total yield of non-volatile carbonyl compounds in irra diated glucose solutions9 giving G (carbonyls)_o, = 1.0 and G (carbonyls^.o = 1.7. Thus, in 0 2-free aqueous solutions of 0.055 M glucose the combined G-value of sugar acids plus carbonyls is 2.2 and in N2O 3.0. This demonstrates that these two classes of compounds comprise 63% of all the breakdown products from dilute solutions of irradiated glucose assuming a value6 in 0.05 M glucose of G (-glucose)_o, = 3.5.
The major sugar acids 2-deoxygluconic and gluconic acid are formed after radical attack at Ci of glucose. The formation of 2-deoxygluconic acid involves loss of H20 by the initial glucose radical and a subsequent reduction in a disproportionation reaction5. A similar mechanism has been proposed for the formation of 5-deoxygluconic acid5. Oxida tion of the primary radical by a disproportionation reaction gives rise to the formation of gluconic acid5-9. Additional experiments, however, are neces sary to clarify the mechanism by which the various other sugar acids are formed.
Previously it was shown that the cytotoxic products of sugar radiolysis consist of a.ß-unsatu rated carbonyls derived from radiolytically pro duced dicarbonyl sugars by enolization9. From chemical considerations it appears that none of the sugar acids identified can enolize to an a.ß-unsatu rated carbonyl and thus be responsible for the cyto toxic activity. With gluconic, 2-deoxygluconic and glyceric acid we did not observe any appreciable cytotoxic, i.e., antibacterial action. Since the cyto- toxic compound is present in the acidic fraction, i.e. the HCl effluent from the anion exchange column9 one must assume that it is one of the, as yet, not identified substances giving the minor peaks in the gc of Fig. 1 . Analysis of these minor compounds is in progress. Suport of this work was provided by the Energy Research and Development Agency (ERDA) under
